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PREFACE
This thesis is the product of two of my research papers. Based on chapter 3,4, and 5 I have
one conference paper published at the 2014 IEEE PES Transmission & Distribution Conference
& Exposition.
 Abu Hussein and M. H. Ali, “Comparison between DVR and SFCL for Fault Ride
through Capability Improvement of Fixed-Speed wind generator” revised and
resubmitted to the 2014 IEEE PES Transmission & Distribution Conference &
Exposition.
And currently another journal paper on the comparative study over the series connected
devices to enhance the fault ride through of wind generators is being written and will be
submitted to IEEE PES Sustainable Energy Transactions.
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ABSTRACT
Abu Hussein, Ahmed. MS. The University of Memphis. December 2013. Comparison among
Series Connected Auxiliary Devices for Transient Stability Enhancement of Wind Generator
Systems. My major Professor: Dr. Mohd. Hasan Ali.
A comparison among series connected auxiliary devices is performed in terms of fault ride
through capability improvement of a fixed speed wind generator systems, controller complexity,
and cost. Where the tested system consists of one synchronous generator and one squirrel cage
induction machine based wind generator, which feed an infinite bus through a double circuit
transmission line. Simulation results show that all the devices perform well, however, in spite of
the DVR controller complexity it has the best performance among all devices in terms of voltage,
and speed control of wind generators at lower cost as compared to the SFCL which is costliest
among all devices. The SFCL is the most efficient in reducing the fluctuations of active power
and stator current of the wind generators. The SDBR is the cheapest, and shows a better
performance in damping active power and limiting fault current than DVR and TCSC.
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CHAPTER 1
I. INTRODUCTION
Wind turbine penetration in the electrical smart grid is increasing and the demand on
the green power has become vital due to the limited conventional power resources.
Among renewable energies, wind is one of the most promising ones. Figure 1 shows the
global growth in the wind energy in the last 16 years, and it is expected that by 2020 the
wind energy capacity would be 5 times the current wind power capacity which would be
able to supply roughly 10 percent of the world electricity demand [1]. In recent years, lots
of research has been done on construction of the cost-effective, energy-efficient, reliable
and stable wind energy conversion systems (WECS). Although there are many types of
wind generators exist in the current systems but due to its rugged structure and low cost
of maintenance, induction machine based wind generators are mostly used. However,
these turbines have stability issues that must be considered. Therefore, new grid codes
must be integrated, and new auxiliary devices must be employed to keep up with this grid
codes. A detailed review of grid code technical requirements regarding the connection of
wind farms to the electrical power system is given in [2].
Investigations have been done the voltage stability of wind power stations with the
existing power stations [3] [4], There are many stabilization methods available in the
technological market today such as the pitch control method, the thyristor Switch
Capacitor (TSC) , the static var compensator (SVC), the static synchronous capacitor
(STATCOM), the superconducting magnetic energy storage system (SMES), the series
dynamic braking resistor (SDBR), the thyristor controlled series capacitor (TCSC), the
dynamic voltage restorer (DVR), and the superconducting fault current limiter (SFCL). A
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study based on the stabilizing ability of SFCL and TSC of wind generator is reported in
[5] , another study based on the ability of SMES and STATCOM in stabilizing the wind
generators reported in [6].

Figure 1. World Total Installed Capacity

A comparison among shunt connected stabilization methods for the fixed speed wind
generators such as the static synchronous compensator (STATCOM), braking resistor
(BR) and superconducting magnetic energy storage (SMES) is reported in [6].
But, to the best of our knowledge, no comparative analysis among series devices for
the application to the wind generator system has been performed so far. With this
background, this work aims to fill in the gap and provides a comparative study among the
series connected stabilizing methods.
2

One of the issues with the squirrel cage induction machine based wind generator is
the high consumption of reactive power during faults and voltage sags, which will delay
the grid voltage restoration and may lead the wind generator to be taken out of service
[7]- [8].The need of a device that can inject and compensate reactive power to the system
is fulfilled by the use of DVR. The DVR is able to inject reactive power to both the grid
and the wind generator; it injects less reactive current compared to STATCOM, and it has
the ability to stabilize the fixed speed wind generator [3].
The series dynamic breaking resistor (SDBR) dissipates active power and boosts
generator voltage, potentially displacing the need for pitch control and dynamic reactive
power compensation (RPC). Previous work shows that the SDBR can substantially
improve fault ride through capability of wind generators by inserting a small resistance
during faults, displacing the complexity of RPC devices at lower cost.
There has been a study recorded for fault ride through capability of wind generator
systems using SDBR in [9] .
Unlike the SDBR, The superconducting fault current limiter (SFCL) has the ability to
be connected to the grid without causing power losses in a steady-state condition and the
fact that it can improves the voltage stability of a power system by suppressing the level
of the fault current quick operation and auto-recovery capability within 0.5 s, avoiding
the transients caused by the insertion of the device into the grid s [10]- [11].
There has been a study recorded for SFCL and its comparison with Superconducting
Magnetic Energy System (SMES) and Dynamic Voltage Restorer (DVR) in [4] [12],
respectively.
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Two applications of the thyristor switched series capacitor (TCSC) have been
considered in this work. One for fault current limitation and other unbalance voltage
compensation. By simulation results it has been shown that TCSC is quite effective in
both cases [13] .
In case of wind generator system, this work performs a detailed analysis considering
both balanced (three-line-to-ground) and unbalanced (single-line-to-ground) temporary
faults in the system.
Simulations are performed using Matlab/Simulink software, where the tested system
consists of one synchronous generator and one squirrel cage induction machine based
wind generator, which feed an infinite bus through a double circuit transmission line.
Various indices in terms of speed deviation of IG, terminal voltage deviation of IG and
real power deviation of IG are used for evaluating the system performance. The
comparison among DVR, SFCL, TCSC and SDBR is done in terms of the overall fault
ride through capability enhancement, controller complexity and cost.
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CHAPTER 2
II. BACKGROUND OF WIND ENERGY CONVERSION SYSTEMS (WECS)
There are various types of WECS sorted into different categories based on the wind
generator type or the turbine type. Although in this study only one type is considered, a
brief background about all types and categories of WECS is discussed in this section,
also a few references are considered distinguishing the differences between these types
of generators and the kind of technologies used here, explaining the expected results and
outcomes from this work.
A. Types of Wind Turbines
1) Wind Turbines Based on the Axis of Rotation
Wind turbines types based on orientation of rotational axis are: vertical axis and
horizontal axis [14].
a)

Horizontal Axis Wind Turbine:

Horizontal-axis wind turbines (HAWT) as shown in figure.1and as implied from the
name the axis of rotation is horizontal and the shaft of the generator mounted on the top
is parallel to the ground, the blades mounted on the shaft must be facing the wind to get
the shaft to rotate and in order to keep the blades facing the wind direction a yaw
mechanism is applied by servo motors that would readjust the direction of the blades
according to the controller signal. Since the wind speed is lower than the rated generator
frequency, a gear box is used to convert the power from the low speed shaft to the high
speed shaft [15] .
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Components of Horizontal Axis Wind Turbines (HAWT)

A typical wind turbine involves a set of rotor blades rotating around a hub. The hub is
connected to a gearbox and a generator, located inside the nacelle which houses the
electrical components. The basic components of a wind turbine system are shown in
figure 2 [14].
Brake: Brake pairs are used in case of emergencies like power system failure or
overloading when the speed of the turbine or the generator gets out of control.
Controller: Yaw mechanism monitoring and pitch controller and to start the motor on
and off according to the cut in and the cut off speed of the turbine.

Figure 2. Horizontal Axis Wind turbine Components.

6

Gearboxes and drives: Fixed speed wind turbines use a gear box whose function is to
increase the rotational speed of the blades up to the level of speed of the generator
installed. Variable speed wind generators technologies don’t require a gear box so it can
save on cost, allow maximum power generation and decrease the stress on the turbine
when it is fixed speed generator. Instead the power electronic interface of drives installed
to minimize certain effects of change in wind speed.
Tower: supports rotor and nacelle and lifts entire setup to higher elevation where
blades can safely clear the ground.
Transformers and electrical Equipment: carry generated power to the rest of the
system and step up the voltage up to the grid voltage.
The Nacelle: Is the casing to hold and protect the turbine parts such as Generator,
Brakes, Gear box...etc.
Rotor Blades: capture wind's energy and convert it to rotational energy of shaft
b) Vertical Axis Wind Turbine
As per figure 3, Vertical-axis wind turbines (VAWTs) are a type of wind
turbines where the Axis of rotation is perpendicular to the ground, Unlike the HAWT the
VAWT doesn’t need a yaw mechanism, because the blades are always aligned with the
wind direction. However the turbine has two hubs the upper hub is supported by guys
which limits the height of the turbine which means lower wind speed and limited power
capacity.
So generally these turbines are less efficient than HAWT, however this type of
components arrangement at low heights offers easier to service and repair.
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Major drawbacks for the early designs included the pulsatory torque that can be
produced during each revolution and the huge bending moments on the blades. Another
disadvantage is wind speed is very low on the lower part of the turbine which is closer to
the ground.


Components of Vertical Axis Wind Turbines (VAWT)

Components of VAWT are the same for the HAWT, including Brakes, Generator,
Electrical Interfaces, and Gearbox except of the controller which controller the yaw
mechanism, and the towers, because the blades and the shaft is supported by guys [16].

Figure 3. Vertical Axis Wind Turbine.
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2) Wind Turbines Based On Location
a)

On Shore Wind Turbine

Onshore turbine installations in hilly or mountainous regions tend to be on ridgelines
generally three kilometers or more inland from the nearest shoreline. This is done to
exploit the topographic acceleration as the wind accelerates over a ridge [14]. As seen in
figure 4. Is an example of an on shore wind farm in Norway two operating wind farms,
Mehuken 1 and 2, which are located close to the west coast of Norway approx. 300 km
north of Bergen. The combined wind farms have a total installed capacity of
approximately 23 MW [17].

Figure 4. Mehuken 1 and 2 is a 23 megawatt (MW) wind farm in west coast of Norway



Advantages of onshore wind farms

a. Cheaper Installation
b. Cheaper interfaces with the electrical grid, no submarine cables are required.
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c. Easier access for operation and maintenance if compared to off shore type.


Disadvantages of onshore wind farms

a. Noise and Visual pollution because its closer to residential areas
b. Restrictions associated with obstructions (buildings, mountains, etc.).
c. Very limited availability of lands.
b)

Offshore Wind Turbine

Offshore wind turbines harness the energy of ocean winds and convert it to
electricity. Europe is the leader in offshore wind energy, with the first offshore wind farm
being installed in Denmark in 1991. Studies have shown that in some cases offshore
wind turbine location may be a better option rather than other location on land. However,
offshore wind farms are relatively expensive. It is likely the added efficiency of offshore
wind power over onshore wind power result in an environmental cost that is roughly
equal, and the added efficiency of floating wind turbines over those on offshore platforms
result in an environmental cost that is essentially equal [18]. Figure 5 shows one such
example of off shore installation near Copenhagen, Denmark.

Figure 5.Offshore wind turbines near Copenhagen, Denmark.
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Advantages of Offshore wind turbine

a. Constant and higher wind speeds.
b. With higher speed comes higher power which means improved efficiency.
c. They don’t have the pollution impact on people, they don’t receive objections
accordingly.


Disadvantages of Offshore wind turbines

a. High initial cost is high although research is going on exploring floating type that may
reduce the cost, still the cost can be as twice the cost of an on shore same capacity farm
and the cost of submarine electrical cables cannot be avoided .
b. Very difficult maintenance and much costlier in offshore wind turbines and costlier.
B. Wind Turbines Based on Type of Generator
Wind turbines based on induction generators are seen to be attractive not only due to
their robustness but also due to their control flexibility. From the fixed speed induction
generator (FSIG), variable speed operation is predominantly realized with the doubly fed
induction generator (DFIG). Currently, the full converter topology is also given
significant attention. In the two coming sections both variable and fixed speed wind
generators are discussed and explained.
1) Fixed Speed Wind Generator
The fixed speed induction generator (FSIG) wind turbine is a configuration that is
directly connected to the grid via a transformer (see Figure. 6).
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Figure 6. Fixed speed wind generator

The machine is designed to operate at a particular fixed rotor speed determined by the
frequency of the grid. For example, a two-pole pair FSIG will operate just a little more
than 1500 rpm in a 50 Hz frequency or 1800 in a 60 Hz Grids. To increase power
production, some fixed speed turbines are designed to have two winding sets used for low
wind speeds and for medium to high wind speeds. FSIG always draws reactive power
from the grid, thus this configuration incorporates capacitor bank to achieve reactive
power compensation. A soft starter is also used to achieve smoother grid connection.
Although the generator speed is supposed to be fixed, wind speed is always varying.
Therefore the electromagnetic torque, the terminal and the electric output power are
affected. Thus these fluctuations will increase line losses and decrease the power quality
of the grid. Fixed speed wind turbines are either stall or pitch controlled. The pitch
controlled type has the advantage over the stall type because it can control the power;
however the pitch control isn’t as efficient as other used methods. Fixed speed wind
generators whether it is stall or pitch controlled the main drawback that the turbine
suffers from mechanical stress. Hence it becomes very important to optimize the whole
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system by using auxiliary control means which increases the complexity and the costs
related [19].
2) Variable Speed Wind Generator
Of late, the variable speed wind generator has been gaining popularity because of its
ability to track the changes in wind speed. Variable speed wind generator uses different
types of generators for example synchronous generator (SG), Doubly Fed Induction
Generator (DFIG), Permanent Magnet Synchronous Generators (PMSG).
a. Doubly Fed Induction Generator (DFIG)
Figure 7 shows a doubly fed induction generator (DFIG).The doubly fed induction
generator (DFIG) is another type of variable speed machine which is considered to have
partial rotor variability. This machine uses wound rotor induction machine (WRIG) with
two connections from the grid via the stator windings and via two back-to-back
converters to the rotor windings.

Figure 7. Variable Speed Induction Generator Using DFIG
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These types of electronic converters will have some extra losses in power conversion
and generate harmonics, but provide better performance. DFIG generally has a wider
range of dynamic speed control and typically has a speed range between 40% and 30% of
the synchronous value. One of its advantages is its ability to control reactive power and to
decouple active and reactive power control by independently controlling the rotor
excitation current. Its drawback is its need for slip rings which would increase the
frictional losses. The crowbar (see figure 7.) will short-circuit the rotor windings through
a small resistance when excessive currents or voltages are detected [7] and [20].
b. Permanent Magnet Synchronous Generators (PMSG).

Synchronous generators (SG) are widely used in standalone wind energy systems.
Due to the back-to-back inverter structure which is separated by a DC link it is not
necessary to synchronize the synchronous machine with the line voltage during the
startup process as it has to be done with the asynchronous power generator where its
stator coils are directly connected to the grid. To ensure continuation of the power, back
to back pulse width modulation (PWM) voltage source inverters are interfaced between
the synchronous generator and the grid. The advantage of using multi pole synchronous
generator (figure 8) is that it can avoid the installation of the gear box, but there will be a
massive increase in the weight of the machine. This type of generator allows a variable
speed operation, does not require an energy transfer via collector rings in the rotor.
However it is the most appreciated solution these days is employing the permanent
magnet synchronous generators as it gives a huge advantage to the small wind turbine
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industry but on the downside it cannot be extended to large scale wind energy power
because of its weight [21].

Figure 8. Variable Speed Induction Generator Using PMSG

However in this study, an induction generator which is usually used with fixed speed
type of wind generator is considered [22]. An induction generator operates by
mechanically turning their rotor faster than the synchronous speed, producing power at
negative slip. A regular AC asynchronous motor usually can be used as a generator,
without any internal modifications. Induction generators are useful in applications such as
mini hydro power plants, wind turbines, because they can recover energy with relatively
simple controls. To operate an induction generator must be excited with a leading
voltage; this is usually done by connection to an electrical grid.
In generator operation, a prime mover (turbine shaft) drives the rotor above the
synchronous speed. The stator flux still induces currents in the rotor, but since the
opposing rotor flux is now cutting the stator coils, an active current is produced in stator
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coils, and the machine now operates as a generator, generating active power back to the
electrical grid.
Induction generators are not, in general, self-exciting, meaning they require an
electrical supply, so they have to be connected to the power system and never can operate
as standalone generators so they would always absorb reactive power from the grid.
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CHAPTER 3
III. SYSTEM MODEL UNDER STUDY
Figure 9 shows the model system that has been used in [23]. The model system
consists of one synchronous generator (100 MVA, SG), and one wind turbine generator
(50 MVA induction generator, IG), which are delivering power to an infinite bus through
a transmission line with two circuits. Though a wind power station is composed of many
generators practically, it is considered to be one concentrated generator with the total
power capacity. There is a transmission line with one circuit between the main
transmission line and a transformer at the wind power station. All series devices tested
are placed in series just after the secondary windings of the transformer as shown in
figure 9. The series devices are effective only in the picture when there is a fault current
detected. When there is no fault, Auxiliary series devices are shorted out of the system.
A power factor compensation capacitor C is connected at the terminal of the wind
generator to fix a P.F. of one for the IG. The synchronous generator parameters as well as
induction generator parameters used in this work are described in Table 1, [4] and [8].

Figure 9. Power system model.
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A. Model of Wind Turbine
For the modeling of wind turbine, in this work the equations (1), (2), and (3) are used,
and references [24], [25] can be consulted for further explanation.
The modeling of wind turbine rotor is complicated. According to the blade element
theory [26], modeling of blade and shaft needs complicated and lengthy computations.
Moreover, it also needs detailed and accurate information about rotor geometry. For that
reason, considering only the electrical behavior of the system, a simplified method of
modeling of the wind turbine blade and shaft is normally used. In general, the
mathematical relation for the mechanical power extraction from the wind can be
expressed as follows:
=0.5*ρ*π*R2* Vw 3*Cp (λ, β)

(1)

Where Pm is the extracted power from the wind, ρ is the air density [kg/m3], R is the
blade radius [m], Vw is the wind velocity [m/s], and Cp is the power coefficient eq.(2)
)which is a function of both tip speed ratio, λ and equation (3) , blade pitch angle, β [deg]
and

is the rotational speed [rad/s].

In this work, however, the MOD-2 model [24] , [27] is considered, because MOD-2
equation is one of the basic and earliest equations used.
Cp -

characteristics for the MOD-2 equation, are represented by the following

equations and shown in figure 10:
Cp=

(2)

Where,
(3)
18

Where

is the rotational speed [rad/s].

Figure 10. Cp – λ Curves for different pitch angles.

B. Model of Automatic Voltage Regulator (AVR)
The Automatic voltage Regulator (AVR) is the backbone of the Synchronous
generators, which controls terminal voltage of the generator; it can control the power
factor and the reactive power as well, by varying the exciter voltage. There are many
types of AVR systems rotating or static, with slip rings or brushless, and AC or DC
supplied, depending on the system.
Figure 11 shows the AVR model used here with SG. The AVR model has inputs of
terminal voltage (Vt) and the reference voltage (Vto) the difference between both
voltages is processed through the average block, the output is added to reference field
voltage (Efdo), after adjusting the value of the field voltage, the output is limited by the
limiters to between -4 and 4 pu. Finally the field voltage command (Efd) for synchronous
generator is obtained. Modeling of the exciter is done based on [4] and [6].
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Figure 11. AVR Model

C. Model of Governor (GOV)
The governor of the synchronous generator prime mover controls the mechanical
power input to the generator according to the governor control characteristics. Since the
actual prime mover speed is fixed by the system frequency and cannot be changed by
varying the power input to the prime mover, the governor setting determines the load
level at which the machine operates rather than the machine speed.
Figure 12 shows the effect of changing the prime mover governor setting from
position 1 to 2, and then to 3. Since the system frequency is, for all intents and purposes
fixed, the governor setting simply changes the amount of energy supplied to the prime
mover. This, in turn, increases the electrical power output of the generator.
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Figure 12. Effects of changing governor settings

In practice, the characteristics may be modified electronically to achieve a particular
relationship between the power output of the machine and some measurable parameter
used for control purposes, often from a process in which the machine is embedded.
However, the governor also has the task of ensuring the machine does not over-speed in
the event of loss of electrical load.
Figure 12 shows GOV model used in this work with SG. It has input of rotor speed
(ωm) which is compared with the reference rotor speed (ωmo) and after going through
the control block, the output is added to the reference power (Po), the total is limited by
the minimum and maximum value, finally the output power (P) which is used as power
input for synchronous generator is obtained.
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Figure 13. GOV Model

Table I shows the synchronous generator parameters [23] as well as induction
generator parameters [28] used in this work.

Table 1 Generator Parameters
SG
MVA
ra[pu]
Xa[pu]
Xd [pu]
Xq[pu]
X’d [pu]
X’q [pu]
X’’d [pu]
X’’q [pu]
T’do [pu]
T’’do [pu
T’’qo [pu]
H [sec]

IG
100.0
0.003
0.130
1.200
0.700
0.300
0.220
0.220
0.250
5.000
0.040
0.050
2.500

MVA
r1[pu]
x1[pu]
Xmu[pu]
r2[pu]
x2[pu]
H[sec]
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50.00
0.010
0.180
10.00
0.015
0.120
0.750

CHAPTER 4
IV. CONTROL SYSTEM OF TECHNOLOGIES USED
A. Dynamic Voltage Restorer (DVR)
1) Basics of DVR
The Dynamic voltage restorer (DVR) is a series connected device designed to
maintain a constant RMS voltage at the terminal of the wind generator systems during
voltage disturbances such as voltage sags and faults by injecting voltage into the system
through the series connected transformers. The fault ride-through capability of DVR for a
squirrel cage induction generator and doubly fed induction generator is reported in [3]
and [29], respectively. The DVR has various control techniques and configurations. A
comparison among various topologies of DVR with respect to power and voltage ratings
is shown in [30] .A comparative study of compensation strategies is reported in [31] and
[32]. The power flow of the DVR used in this work is demonstrated in figure 14, the
energy storage in case of generator acts like a load and consumes all wind generator
active power under faults condition. While consuming active power, reactive power is
delivered to the wind generator and the grid if voltage recovery is required.
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Figure 14. DVR Configuration.

2) Control of DVR
The Power rating of DVR was computed based on equation (4). For the present study
system, the power rating of the DVR must equal the power rating of the wind generator,
assuming that the fault voltage would drop to zero.
(4)

Where PDVR is the rated power of the DVR, V1 is the nominal voltage V2 is the
minimum voltage level during the sag/fault, assuming phase angle jump is negligible;
otherwise it might lead to higher power ratings [33].There are many control strategies
applied in other works, however, in this work In-Phase Compensation strategy is utilized
[31] and [32], giving that we are neglecting the phase angle jump δ. This leads to simpler
control and lower DVR ratings as compared to other compensation techniques. Figure 15
demonstrates the voltage compensation technique in case of In-Phase Compensation,
where Ug is the nominal grid voltage; Uwg is the wind generator nominal voltage, while
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U’g and U’wg are the grid and wind generator voltage after the fault, respectively.
U’DVR is the DVR injected voltage. Faults not only affect voltage amplitude, but also
cause the phase angle jump δ. With these small phase angle jumps, a large transient
comes at the beginning and at the end of the disturbance, and therefore this is the main
drawback of this method.
The Phase-Locked Loop (PLL) as shown in figure 16 measures the phase angle (θ) to
keep the DVR injected voltage synchronized with Grid. The DVR reference voltage
U(DVR, d-q, ref) is computed by taking the difference between the grid voltage, UGrid
and the reference Voltage, Uref.

Figure 15. In-phase compensation of DVR.
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The DVR actual voltage U(DVR, d-q ) is computed by taking the difference between
the wind generator voltage UWG and the reference Voltage Uref. A closed loop control
is used, with feed-forward Compensation and feedback PI regulator to compensate the
difference between the DVR actual voltage U(DVR, d-q) and the DVR reference Voltage
U(DVR, d-q, ref). Therefore, the response of the DVR is improved. Then this regulated
voltage is transformed into the three phase reference voltage in order to generate the IGBT
inverter Pulses. More details about this control system are described in [3] , [31], and [34].
Table 2 shows the parameters value of the DVR controller.
.

Figure 16. Control scheme of DVR.
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Table 2 DVR Controller Parameters
Parameters

Value

Rated Power

50 MVA

Transformers Ratio

1

Filter Inductance

0.14 mH

Filter Capacitance

20 mF

B. Thyristor Controlled Series Capacitor (TCSC)
1) Basics of TCSC
The main use of Thyristor Controlled Series Capacitors (TCSC) in power systems to
dynamically control the reactance of a transmission line in order to provide sufficient
load compensation. The benefits of TCSC are in its ability to control the amount of
compensation of a transmission line, its ability to operate in different modes, and the
ability to limit fault currents. These traits are very desirable not only in normal load
variation cases but also in faults and low voltages [35] and [36]. since the power system
and the Induction based wind generator behavior during faults is highly inductive, TCSC
designs operate in the same way as Fixed Series Compensation, (FSC), by providing
variable control of the system reactance, the added capacitance compensate the reactive
absorbed by the generator, limit the fault current by adding high capacitive impedance in
series, and boosting the voltage of the Induction generator’s terminals which helps the
ride through . The basic structure of a TCSC can be seen in figure 17.
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TCSC ability to limit fault current and control voltage unbalance application of wind
farm systems is discussed in [13].

Figure 17. Structure of TCSC.

2) Control of TCSC
TCSC can operate in two modes: the inductive mode as a Thyristor Controlled
Reactor (TCR), and the capacitive mode as a Fixed Series capacitor (FSC), providing that
TCSC must not work in the region where XL( ) is equal to XC, to prevent the excessive
voltage and current caused by resonance. Figure 18 explains the two modes of operation
of TCSC and the resonance region’s limits of TCSC, where
the inductive reactance, and XC is the capacitive reactance.
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is the firing angle XL is

Figure 18. Control of TCSC.

Figure 19 shows the basic control scheme of TCSC, the difference in voltage as
the input signal when the fault is initiated. The signal is processed through a PI
controller. In this study TCSC will only work in the capacitive mode in case of fault.
The limiter is used to keep the firing angle within the limits, and to avoid generating
pulses when the firing angle ( ) within the resonance region shown in figure 18. To
be sure the thyristor current cut off after it crosses zero the pulse width should be as
short as possible. In this work the value of the capacitance and inductance are chosen
based on the trials to find the best value for the best performance of the TCSC.
TCSC controller parameters are shown in table 3.

Figure 19. Control of TCSC.
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Table 3 TCSC Controller Parameters
TCSC Parameters

Value

Series capacitance

700 µF

Series Inductance

10 µH

PI Controller

Kp=100
Ki=0.01

Series resistance

0 ohms

Thyristors Snubber capacitance

250 nF

Thyristors Snubber capacitance

500 ohms
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C. Super Conducting Fault Current Limiter (SFCL)
1) Basics of SFCL
Being a promising application of superconductors, A SFCL is an innovative energytechnology appliance, preventing the occurrence of high fault currents in electricity grids.
The application of the SFCL would not only decrease the stresses on devices but also
offer a secure network. This is a very effective means to enhance the system stability and
power quality in terms of availability and voltage drop, which is a real need today [37][38]. SFCL is a new power device to automatically limit a fault current to a safe level
using the superconducting property. When superconductor is cooled down to critical
temperature (about -186oC) or less, the resistance becomes zero. However,
superconductor loses its superconductivity and resistance occurs rapidly (quench), when
excessive current flows and exceeds certain value (critical current). SFCL device uses
this property [39].
Among the several types of SFCL have been available, which are based on different
superconducting materials and designs. In this work, the resistive SFCL is used, it’s
preferable because it increases the decay speed of the fault current by reducing the time
constant of the decay component of the fault current, it can limit the fault current within
half cycles, and can also make the system less inductive [40]. The SFCL can protect the
power system equipment’s such as circuit breakers and transformers by limiting the fault
current [41], which would prolong the life of the devices. This can save millions of
dollars which would have been spent on replacing them. The main advantage of SFCL
over other series devices that it causes no losses to the power system during steady state
because of its superconductivity.
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2) Control of SFCL
The superconductor undergoes a transition into a resistor (quenching), at the event of
fault. After the fault is cleared the SFCL require some time to go back to its previous
state (Unquench), therefore two SFCL are normally employed in parallel as seen in figure
20. Thus the SFCL shown in Figure 1 actually consists of two SFCLs, namely SFCL1
and SFCL2. When fault occur, first SFCL1 is inserted in the circuit, so SFCL 1
quenches and when the circuit breaker is opened, SW2 is closed just at the same time and
hence current flows in the superconducting coil of SFCL2.

Figure 20. The structure of a resistive SFCL unit.

However, in this work, for simplicity we have used a simplified version of the SFCL
as shown in figure 21 initially, the switch, SW is closed, and the Inductor, L is in the
circuit and its value is kept very low. The value of L is low and it is almost invisible to
the system and doesn’t contribute to the system and does not have any losses. In case of
fault current above a certain value, the switch, SW opens and high value resistance, R is
inserted into the circuit to limit the fault current. This R is in the circuit as long as the
value of current is above the certain value. Once the fault is cleared, the L is inserted in
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the circuit and SW is reclosed again, which signifies that the SFCL has regained its
superconductivity.

Figure 21. Model for SFCL.

The fault current set point has been set at a particular value of 1.1 pu. When the fault
current exceeds this value, a high value of resistance is brought into the system. the
optimum value of resistance as 0.5 p.u. both fault current and resistance value is chosen
and used it for all the simulations performed based on this study [5].
As discussed earlier, the SFCL helps in reducing the peak magnitude of the fault
current and also the voltage sag in the system. This in turn helps the circuit breakers
operate properly without any insubordination.
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D. Series Dynamic Braking Resistor (SDBR)
1) Basics of SDBR
A series Dynamic braking resistor contributes directly to the balance of active power
during faults, with the potential to eliminate the need to use of complicated reactive
power control (RPC) devices [9]. It does this dynamically by inserting a resistor at the
terminal of the generator, therefore mitigating the power ,voltage, and speed instability of
the generator, simply by dissipating active power and boosting the terminal voltage.
There are various topologies of SDBR. The insertion of the resistor can be discrete at
lower cost simply by just adding the resistance into the line, or it can be smoothly done
by the use of power electronics, it can be done in many stages or in single stage. All types
are discussed in [42] and [43]. In this work the single stage discrete SDBR is used. The
General configuration is shown in figure 22.

Figure 22. SDBR Schematic Arrangement.
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As seen from figure 22 the SDBR is bypassed during normal operation of the grid,
but when the fault occurs, the current is diverted to flow throw the resistor in the line
which would help recover the post fault voltage and return it back within acceptable
limits. During faults high current would flow throw the resistor, which increases the
internal temperature of the SDBR, therefore when selecting SDBR the breaking
temperature must be considered in addition to the maximum dissipated energy.
Figure. 23 illustrates by the phasor diagram the effect of SDBR on stator voltage. Vs
is stator voltage, Vg is the grid voltage. Vs is increased in magnitude by the voltage,
across SDBR (I*RSDBR). Since mechanical torque is proportional to the square of the
stator voltage of an induction machine see equation, it can be inferred that the presence of
SDBR will increase the mechanical power extracted from the generator, and so the
generator will decelerate during disturbances.

Figure 23. Phasor diagram showing the effect of SDBR on stator voltage.

35

2) Control of SDBR
Control of SDBR is simply as shown in figure 22 When the voltage goes below the
reference point, it senses the fault when the whenever that’s happen the bypass switch is
opened to insert the resistor into the grid, and divert the fault current into the SDBR. The
value of the resistance is chosen to be 0.5 pu similarly as it is for the superconducting
current limiter (SFCL) in the previous chapter section.
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CHAPTER 5
V. SIMULATION RESULTS AND DISCUSSIONS
In this work, simulations are performed through Matlab/Simulink software
considering the following cases: 3LG (Three-line-to-ground) and 1LG (Single-line-toground) fault occur at a point F1 as shown in power system model of figure 9 The
simulation time is 5 seconds and the mode is discrete with a time step of 50 µs .
To clearly understand the effect of the methods used for stabilization, and to compare
the effectiveness for various faults and to quantify the work, some of the performance
indices used are: vlt_sg (pu.sec), pow_ig (pu.sec) , cur_ig (pu.sec) rea_ig(pu.sec),and
spd_ig(pu.sec) .
They are calculated as follows:
∫ |

∫ |

|

(5)

|

∫ |

(6)

|

(7)

∫ | |

∫ |
In equations (5)-(9) |

| |

| |

||

(8)

|
|

(9)
|

|denote the terminal voltage

deviation, real power deviation, speed deviation, current deviation and reactive power
deviation of IG, respectively. T is 5 sec, the simulation time of the system. The lower the
value of the indices, the better the performance of the system is.
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Another assumption made in this study is that during the short span of the analysis of
the voltage stability, the variation in wind speed can be considered negligible. So, here a
constant wind speed of 11m/s is considered for the entire work.
A. Simulation results and comparison among all series method
1) Performance during three line to ground fault (3LG)
Table 4 tabulates the performance of DVR, SDBR, SFCL and TCSC control methods
in case 3LG fault. If the values in the table are looked upon carefully, it can be seen
clearly that there is a definite improvement of performance when series devices are
connected compared with no control. Although the results are pretty close, it is obvious
that SFCL has the most effective performance in terms of power stability and current
limitation among all these devices. The DVR is the most effective control over speed and
voltage stability. Unlike the DVR, the TCSC, SDBR and the SFCL limits the fault
currents by different techniques, SFCL is controlled by fault the current level, so it has
the best performance in terms of current limitation. But the TCSC is has much better
effect on voltage stability due to its voltage based controller and the ability to compensate
reactive power. Both SFCL and SDBR have the same working principal with different
dynamics, since the SDBR is limiting the current based on the induction generator
terminal voltage it has a better effective control over the voltage than SFCL. Similarly,
since the SFCL has most effective control over current because it is designed to control
current, but it is considered the less effective in controlling power among series devices.
It must be noted that DVR cannot limit fault currents unlike other devices. It can only
consume active power and inject reactive power.
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Table 4 Values of Indexes during Balanced (3LG Fault)
VALUE OF INDICES

INDEX
PARAMETERS

NO
CONTROL

DVR

SDBR

SFCL

TCSC

2.3300

0.0888

0.0916

0.0804

0.1225

2.1670

0.0616

0.0926

0.1050

0.0798

4.9820

0.0087

0.0091

0.0098

0.0099

5.1850

0.3088

0.3135

0.2471

0.3706

2.6480

0.2286

0.2355

0.2372

0.3135

The figures 24- 28 show the responses for the wind generator parameters in case of
3LG fault. Figure 24 shows the response for output power of the IG, while the active
power of the generator with no control drops down to zero. Figure 24 shows that the
DVR and the SFCL have the smoother curves because they do not require multiple lines
switching like the TCSC and the SDBR. But the TCSC has the highest power jumps, the
reason behind that is based on the torque equation. The power depends on the square
value of the stator’s voltage, so any boost in voltage would lead to a squared boost in
power.
Figure 25 shows the responses for IG terminal voltage. It can be seen here that the
DVR and TCSC have the best performance in terms of voltage stability although with the
TCSC the voltage spikes up to 1.6 pu after the circuit breaker opens. During insertion
period with TCSC the voltage has minimum dip after DVR. SDBR and the SFCL have an
less efficient control over the voltage dip. But all these devices can recover the voltage.
In the case of no control the voltage drops down to zero during fault, and recovers up to
0.6 pu only after the circuit breakers are opened.
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Figure 24. Responses for Active Power for IG (3LG Case).

Figure 25. Responses for Terminal Voltage of IG (3LG Case).
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Figure 26 shows the speed response of the IG. In case of no control the generator
accelerates and speed exceeds 2.6 pu. when using series devices the speed is controlled
well. Although their effect on the speed are very close, we can see that th DVR has
slightly better performance.

Figure. 26 Responses for rotor Speed for IG (3LG Case).

Figure 27 shows the responses for fault current from the IG. The magnitude of the
fault current in case of the SFCL is less as compared with the DVR or TCSC. SFCL
restricts the magnitude of the fault current at 1.1 pu during the insertion period, and also
helps recover the system quickly when compared for the same with other methods, due to
its fast response. DVR and TCSC have the less efficient performance in terms of current
stability. The jump in current magnitude in case of DVR exceeds 1.8 pu and in case of
TCSC exceeds 2.1 pu.
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Figure 27. Responses for output current for IG (3LG Case).

The input reactive power of the wind generators is kept at almost zero; hence the
power factor is compensated by the fixed shunt capacitors. However during faults,
induction based wind generator tends to draw a lot reactive power from the network to
compensate the active power drop. This would affect not only the wind generator voltage
stability, but also the network voltage recovery will be slower. As seen in Figure 28
spikes in reactive power are very steep. The TCSC has less efficient performance in
compensating reactive power. The DVR has the best control of reactive power. Although
the other devices (SFCL, and SDBR) have no reactive power compensation ability, but
by limiting active power drop, they can limit reactive current flow.
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Figure 28. Responses for Reactive Power for IG (3LG Case).

The response in figures 24-28 clearly demonstrate that for the case of 3LG faults, the
DVR method has the best overall stability of the system and much more than the other
methods in terms of voltage, reactive power and speed. And the SFCL has the dominant
control over current and active power.
Figures 29-32, are a comparison between DVR and TCSC ability to stabilize the
voltage of wind generator based on their ability to compensate reactive power. Figure 29
shows the terminal three phase voltage of the wind generator without compensation. As
the DVR injects the required amount of voltage (figure 30) to compensate the voltage
drop from the grid side, the wind generator compensated voltage is shown in figure 31.
On the other hand TCSC cannot inject voltage, but it can prevent the voltage from
dropping to zero.
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Figure 29. Wind generator terminal voltage (3LG Case).

Figure 30. DVR injected Voltage (3LG Case).

Figure 31. Wind Generator Voltage with the DVR compensation (3LG Case).
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Figure 32. Wind Generator Voltage with the TCSC compensation (3LG Case).

The amount of power dissipated in the fault current limiters (FCL) is a very critical
point when comparing two resistive type of FCLs. Figure 33 shows the power dissipated
in SFCL and SDBR. SDBR dissipates slightly more power than SFCL.

Figure 33. Active power dissipated by SDBR and SFCL (3LG Case).

Figure 34 demonstrates the reactive power response of both the DVR and TCSC, to
compare their ability to control reactive power, both devices have the same initial spike
which is caused by the fault. The DVR has a better performance in terms of damping the
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fault reactive power transients than the TCSC. It is obvious that the DVR can stabilize
the wind generator by injecting a smaller amount of reactive power to the system than
TCSC.

Figure 34. Reactive power response of DVR and TCSC (3LG Case).

2) Performance during single line to ground fault (1LG)
Although the wind generator in this system is compensated enough so it can recover
from single line to ground faults. Because single line to ground faults are most frequent to
happen, in the long term these faults might affect the power system equipment’s and
shorten their life. So it is better to find out the best device that can enhance the stability,
reduce the negative effect of the faults on the system and reduce the recovery time.
Table 5 tabulates the performance indexes for successful reclosing in case of 1LG
fault. From the table it is clear that the SFCL has the best overall performance in
enhancing the stability of wind generator system, in terms of power stability. Although
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the results are very close, it’s important to point out that the best performance is when the
SFCL is used, then the SDBR and TCSC respectively. Voltage index of SFCL is the
smallest, with DVR and SDBR the voltage indices are pretty close although the DVR has
slightly better performance. The TCSC is the least efficient among all of them.
Considering current stability, the SFCL is the best current limiter followed by DVR and
SDBR which are barely comparable. Apparently in the case of single line to ground faults
the active power compensation devices are more efficient in keeping the stability of
reactive power of than the reactive power compensation devices. From Table V, the
SFCL and SDBR have a better control over reactive power.

Table 5 Values of Indices during Successful Reclosing for 1LG Fault
VALUE OF INDICES

INDEX
PARAMETERS

NO
CONTROL

DVR

SDBR

SFCL

TCSC

0.0645

0.0254

0.0314

0.0206

0.0430

0.2275

0.0410

0.0424

0.0369

0.0573

0.0240

0.0025

0.0035

0.0024

0.0034

0.8308

0.2177

0.1937

0.0663

0.2056

0.4861

0.2761

0.2352

0.2159

0.2698

In the following pages the figures 35-45 show the responses of the wind generator’s
parameters for successful reclosing in case of 1LG fault. Figure 35 shows the responses
for IG real power. The SFCL helps maintain the original rated power, and the
performance of the SFCL is better when compared with other methods. The highest
spikes in active power amplitudes are when TCSC and DVR are used.
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Figure 35. Responses for IG Terminal Real Power (1LG Case).

Figure 36. Responses for IG Terminal Voltage (1LG Case).

Figure 36 shows the responses for IG terminal voltage. It is clearly visible that the
SFCL and DVR not only hold the system to the minimum voltage sag, but also help
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regain its steady state quickly. SDBR and TCSC method help recover the system, but
they are not as effective as the DVR or SFCL. The lowest voltage dip occurs when no
control is applied the voltage level goes down to 0.6 pu.
Figure 37 shows the responses for fault current from the IG. The SFCL reduces the
peak magnitude of the fault current much and restricts it go beyond the value of 1.1 pu.
Both the SDBR control and TCSC methods fail to reduce the peak magnitude of the fault
current. The performance with no control is the worst and provides no improvement for
the system. The DVR cannot limit the current anyway so it has the highest current level.

Figure 37. Responses for IG Fault Current (1LG Case).

49

Figure 38. Responses for rotor Speed of IG (1LG Case).

Figure 38 shows the response for rotor speed for IG. As it is seen from the graphs
there is not much difference in speed response when using different corrective techniques
in case of 1LG fault.

Figure 39. Responses for Reactive Power of IG (1LG Case).
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Figure 39 shows the response for Reactive power of IG. As it is seen from the graphs
the less efficient device in controlling reactive power in case of 1LG faults is the TCSC.
In figures 40-42, a comparison between DVR and TCSC ability to stabilize voltage
of wind generator based on their ability to compensate reactive power in the case of
single line to ground. Figure 40 shows the terminal three phase voltage of the wind
generator without compensation. Figure 41 DVR injected voltage; the wind generator
compensated voltage is shown in figure 42. figure 43 Shows the TCSC effect over 3
phase terminal voltage.

Figure 40. Wind Generator Terminal Voltage (1LG Case).

Figure 41. DVR Injected Voltage (1LG Case).
51

Figure 42. Wind Generator Voltage with the DVR Compensation (1LG Case).

Figure 43. Wind Generator Voltage with the TCSC Compensation (1LG Case).

According to Figure 44 which shows the power dissipated in SFCL and SDBR,
SDBR dissipates less power than SFCL. And clearly in 1LG case less power dissipated
by both devices compared to the 3lG case.
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Figure 44. Active Power Dissipated by SDBR and SFCL (1LG Case).

Figure 45 demonstrates the reactive power response of both the DVR and TCSC to
compare their ability to control reactive power under the case of 1LG, TCSC in this case
is a bit better than DVR, the peakes in reactive power are lower than in DVR system,
although DVR tends to damp out the reactive power variation, but during the insertion
time of the series device TCSC shows a better performance.

Figure 45. Reactive Power Response of DVR and TCSC (1LG Case).
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B. Overall Comparison
1) Comparison In Terms of Cost
Cost analysis has been reported for the SFCL system in [44], and the capital cost are
estimated roughly to be in the range of hundreds of thousands USD. Also, in spite of its
simple operation, it’s known to have a very high running cost because of the continuous
cooling process to maintain its superconductivity. On the other hand, a cost analysis is
performed for the DVR reported in [45], where the calculation is based on the basic
component capital cost of the system for a 13.8 kv voltage level which is in the range tens
of thousands USD. Considering the aforementioned discussion, it can be concluded that
the DVR is cheaper than the SFCL.
Unfortunately, No study of the SDBR and the TCSC cost is reported, but based on the
complexity of the controller and the configuration of both TCSC and SDBR, comparing
them to DVR, SDBR TCSC is much simpler doesn’t require series transformer, power
electronic converters, or Energy Storage.
So we can say that the SFCL is the most expensive, and then the DVR, the TCSC and
SDBR are the cheapest.
2) Comparison In Terms of Controller Complexity
As far as the controller structure is considered, although, the SFCL has a
superconducting coil and it also needs liquid helium to maintain its superconductivity, the
DVR has a more complex control structure. It has the VSC and filters and the series
transformers in addition to the energy storage. DVR can control active and reactive
power which increases the controller complexity.
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For TCSC, it has some costly devices in terms of the thyristor and the capacitor, but
still it is simple in terms of the controller. For the SDBR mainly is resistors and the
bypassing switches in parallel so it’s considered the simplest among all.. In addition, the
TCSC and SDBR don’t need a superconducting state to operate and hence it reduces a lot
of complexity.
Finally we can say that DVR is the most complex among all, and the SDBR is the
simplest system.
3) Comparison In Terms of Power Control and Losses
DVR can control both Active and reactive power, and with the use of energy storage
it can store the active power or inject it back to the system in other DVR configurations,
TCSC can control reactive power too and damp out the oscillation of the Active power
but cannot store it. On the other hand, SDBR and SFCL have no direct control over the
reactive power, but have a good control over the active power. Although SFCL and
SDBR have a better simpler controller, but dissipate a lot of energy as a heat during
faults.
4) Comparison In Terms of overall fault ride through capability
All four devices discussed are considered as good stabilizing devices, but because
each device has different dynamic and different control, so different performances are
expected. Therefore based on the indices value in table II and III, the DVR is best used to
Control Voltage and Speed, while the SFCL is best used to stabilize the current and the
power, The TCSC is best used to control voltage and reactive power, and finally the
SDBR is best used to limit fault current.
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CHAPTER 6
VI. CONCLUSION AND FUTURE WORK
A. Overall Conclusion
In this work, a comparison has been done among different types of series connected
devices in terms of their ability to enhance fault ride through capability of wind generator
system. The following points can be noted based on the simulation results.
(i) This study helps the readers understand the relative effectiveness of the series
stabilization methods and provides a guideline for selecting a suitable technique for
the stabilization of wind energy systems.
(ii) All devices discussed in this work can enhance the overall fault ride through
capability. Although the results are pretty close but some methods are better than
others.
(iii) The performance of the reactive power compensators (DVR and TCSC) is much
better than that of active power compensator (SFCL and SDBR) in terms of voltage
stability.
(iv) The performance of the active power compensators (SFCL and SDBR) is much
better than that of reactive power compensators (DVR and TCSC) in terms of current
and active power stability.
(v) The initial cost of the SFCL is the highest and the manufacturing is complex,
however, the control of the SFCL is simple and it is very effective. The SDBR and
TCSC initial cost is the lowest, and doesn’t require running cost other than
maintenance, but the controller is more complicated. The DVR’s initial cost is higher
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than the TCSC and SDBR, and lower than the SFCL, but it requires extra running
cost for the storage devices.
(vi) From the perspective of reactive power compensation, the DVR has the best
performance, and although the SDBR and SFCL cannot compensate reactive power,
but by controlling active power, the reactive power is damped quickly.
B. Contribution of this Work
As contribution to this thesis, a comparison among series connected auxiliary devices
(DVR, SFCL, SDBR, and TCSC) for fault ride through capability enhancement of wind
generator systems was made. The series devices mentioned in this thesis are well
documented individually in the literature; however, no comparison among them has yet
been reported. This work helps select the best solution from among these series devices
with a view to enhancing the fault ride through capability enhancement of wind generator
systems.
C. Future Works
As an extension to this thesis, the following works can be recommended.
i) A large power network consisting of many synchronous generators, wind generators,
energy storage, can be considered.
ii) The performance of these devices can be tested with variable speed wind generators,
such as the doubly fed induction generator and the permanent magnet synchronous
generator.
iii) A comparison among energy storage devices capability to fault ride through
enhancement of wind generator systems can be made.
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iv) A study of different topologies of DVR and their effect on the wind generator
system can be analyzed in detail.
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